Cationic liposomes (CLs) are synthetic carriers of nucleic acids in gene delivery and gene silencing therapeutics. The introduction will describe the structures of distinct liquid crystalline phases of CL-nucleic acid complexes, which were revealed in earlier synchrotron small-angle X-ray scattering experiments. When mixed with plasmid DNA, CLs containing lipids with distinct shapes spontaneously undergo topological transitions into self-assembled lamellar, inverse hexagonal, and hexagonal CL-DNA phases. CLs containing cubic phase lipids are observed to readily mix with short interfering RNA (siRNA) molecules creating double gyroid CL-siRNA phases for gene silencing. Custom synthesis of multivalent lipids and a range of novel polyethylene glycol (PEG)-lipids with attached targeting ligands and hydrolysable moieties have led to functionalized equilibrium nanoparticles (NPs) optimized for cell targeting, uptake or endosomal escape. Very recent experiments are described with surfacefunctionalized PEGylated CL-DNA NPs, including fluorescence microscopy colocalization with members of the Rab family of GTPases, which directly reveal interactions with cell membranes and NP pathways. In vitro optimization of CL-DNA and CL-siRNA NPs with relevant primary cancer cells is expected to impact nucleic acid therapeutics in vivo.
This article is part of the themed issue 'Soft interfacial materials: from fundamentals to formulation'.
Introduction
Gene therapy has the potential to treat a broad range of diseases that result from missing or defective genes. Engineered viral vectors and synthetic vectors are two distinct types of vectors, requiring different strategies for optimization, that are used in human clinical gene therapy trials targeting both traditional single gene diseases (e.g. cystic fibrosis) and complex multi-gene diseases such as cancer [1] . Cationic liposomes (CLs, closed spherical assemblies of lipids) are the most prevalent synthetic vector [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Gene delivery using cationic lipid-based vectors, termed lipofection, suffers from low transfection efficiency (TE; the ability to transfer DNA into cells followed by expression) in vivo in comparison with engineered viral vectors but also has advantages. One advantage is safety: to date, uses of adenoviral and retroviral vectors have, respectively, resulted in severe immune reactions with two patient deaths and insertional mutagenesis leading to cancer in two patients treated for X-linked SCID (severe combined immunodeficiency) in a small trial [16] [17] [18] . A second advantage is that synthetic vectors have the ability to deliver very large pieces of DNA; indeed, the first artificial human chromosomes (of order 10 8 bp) were delivered by lipofection [19] . Engineered viruses are limited in their DNA carrying capacity by their capsid size, and to date only cDNA therapeutic genes have been delivered. By contrast, synthetic vectors may carry full-length genes and regulatory sequences.
Cationic liposomes have also been shown to complex with and deliver small interfering RNA (siRNA) [20, 21] , double-stranded (typically between 19 and 25 bp) RNA molecules with two nucleotide overhangs at the 3 ends that use the downstream elements of the RNAi pathway to affect sequence-specific gene silencing. The discovery of the RNAi pathway has already been a breakthrough for functional genomics [22, 23] , and it holds great promise in medicine [24] [25] [26] . Cationic liposomes remain one of the most common vectors for the delivery of siRNA [7] . However, while non-viral gene therapy has much potential for clinical use, it has yet to make a significant clinical impact due to the difficulty of designing efficient, programmable delivery vectors for in vivo applications.
2. Self-assembled structures of cationic liposome-nucleic acid complexes determined by synchrotron X-ray scattering
The most prevalent self-assembled structure of CL-DNA complexes was first solved using modern synchrotron-based high-resolution X-ray scattering [27] [28] [29] [30] . These studies revealed that when CLs are mixed with DNA, the entropic gain of counter-ion release drives the spontaneous assembly of 'loosely organized liposomes and DNA' into highly organized CL-DNA complexes with well-defined liquid crystalline nanostructures. The same work further demonstrated that the particular shape of the lipid molecules constituting the cationic membranes can drive complexes to self-assemble into either a lamellar L C α phase consisting of alternating lipid bilayers and DNA monolayers or an inverse hexagonal H C II phase with DNA chains inserted in inverse cylindrical micelles arranged on a two-dimensional hexagonal array (figure 1). In these initial experiments, the lamellar phase membranes consisted of a mixture of a neutral zwitterionic lipid (DOPC: 1,2-dioleoyl-sn-glycerophosphatidylcholine) and a univalent cationic lipid (DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane), where both lipids have a cylindrical shape that favours the L C α phase. The membranes of the inverse hexagonal phase consisted of a neutral zwitterionic lipid (DOPE: 1,2-dioleoyl-sn-glycerophosphatidylethanolamine) with an inverse cone shape (i.e. with lipid headgroup area smaller than lipid tail area) mixed with DOTAP. Later structure-function studies with a series of custom-synthesized multivalent lipids [31] [32] [33] showed that these two phases of CL-DNA complexes had significantly different transfection properties. TE for lamellar L C α complexes falls on a universal bell-shaped curve when plotted as a function of the membrane charge density (σ M ) of the complex [33, 34] . For the non-lamellar H C II phase, TE is typically high and independent of σ M [33] . [27] and [28] . The formation of a new CL-DNA H C I phase with hexagonally ordered DNA rods surrounded by cylindrical micelles (figure 2a) was first reported after the successful custom synthesis of a novel multivalent cone-shaped lipid, MVLBG2, containing an unusually large dendritic head group with charge +16e [35] . Remarkably, this structure was found to improve TE in hard-totransfect mouse embryonic fibroblast cells. More recently, a novel bicontinuous gyroid cubic phase (figure 2b, labelled Q G,siRNA II ) with siRNA incorporated within its two water channels was reported [36] [37] [38] . This phase was discovered in mixtures of siRNA with CLs containing a cubic phase forming lipid (GMO: 1-monooleoyl-glycerol) and DOTAP or the multivalent cationic lipid MVL5. The gyroid Q G,siRNA II phase shows high silencing efficiency due to the tendency of cubic phase-forming lipids to induce pores in the endosomal membranes that envelop CL-siRNA complexes and thus facilitate cytoplasmic delivery [36] . Significantly, DOTAP/GMO-siRNA complexes in the gyroid cubic Q G,siRNA II phase, at low cationic lipid content (i.e. low σ M ), show remarkably improved sequence-specific gene silencing compared with lamellar L siRNA α phase complexes with the same σ M .
With regard to CLs as carriers of nucleic acids, we are now at a point where we have a comprehensive understanding of the biophysical and functional (TE) properties of CL-nucleic acid complexes, in particular, in our ability to predict how the self-assembled structures and the physico-chemical parameters (e.g. membrane charge density) of the complex influence TE [5, 8, 10, 39] .
Surface functionalized CL-DNA complexes: PEGylated CL-DNA nanoparticles with and without attached ligand for cell targeting
A major drawback of CL-DNA complexes (figure 3, top, left cartoon of the lamellar onion-like phase) is their relatively short circulation times in vivo due to opsonization of complexes and macrophage clearance [41, 42] . In order to overcome this obstacle, polyethylene glycol (PEG) is often grafted to the surface of the complex (figure 3, top, middle cartoon). This is achieved by preparing CLs which, in addition to cationic and neutral lipids, also contain lipids with PEG covalently attached to their headgroups [43] [44] [45] [46] [47] [48] [49] [50] . The added PEG polymer coat induces repulsive interactions with a range on the scale of the size of the polymer chain [51] [52] [53] [54] . Complexes which contain sufficient PEG-lipids (such that the PEG chains transition from the mushroom to the brush conformation) sterically stabilize CL-DNA complexes against flocculation caused by van der Waals attractions [55] [56] [57] . Experiments have shown that PEGylated complexes resist aggregation even after extensive centrifugation [40] . Thus, the use of a PEG-lipid improves colloidal stability, and as experiments show PEGylation leads to the spontaneous formation of equilibrium nanoparticles (NPs). In vivo studies have verified that the PEG polymer coat inhibits protein binding to the surface, preventing immune cell clearance [58] [59] [60] .
(a) Cryo-TEM studies of the structures of PEGylated CL-DNA nanoparticles Dynamic light scattering (DLS) characterization of the hydrodynamic diameter of PEGylated CL-DNA complexes shows that they are inherently nanometre-scale particles with diameters of about 100 to 150 nm [61] [62] [63] [64] . While Cryo-TEM studies are consistent with the DLS results, they further reveal (figure 3, bottom) differences in the detailed structure and morphology of PEGylated CL-DNA NPs that depend on DNA length and shape [40] . In contrast with polydisperse salmon sperm DNA, NPs formed with λ-DNA or pGL3 can also exhibit hollow cores in addition to the lamellar morphology from core to surface. A major drawback of PEGylated complexes is that they suffer from very low TE. This is because the repulsive polymer brush suppresses short-range electrostatic attraction between NPs and cells (i.e. binding of cationic NPs to anionic cell surface proteoglycans) resulting in reduced uptake by the cell. Furthermore, the PEG coat tends to inhibit endosomal escape for the small fraction of NPs that undergo endocytosis [65] . This is because when cells uptake CL-DNA NPs, fusion between the membranes of the NPs and endosomal membranes is a primary pathway for endosomal escape and cytoplasmic delivery [34] . PEGylation suppresses this fusion. Cellular uptake may be recovered by attaching targeting ligands to PEGylated complexes. This allows for targeted delivery and receptor-mediated uptake.
(b) Live-cell optical imaging for determination of intracellular spatial and temporal distribution of CL-DNA nanoparticles
A recent live-cell imaging study with quantitative particle tracking yielded the intracellular distribution of complexes and directly confirmed the increased rate of complex uptake when PEG2K-lipid is replaced by RGD-PEG2K-lipid as the NP polymer coat ( figure 4) (figure 4c) . The live-cell imaging results are consistent with TE measurements, which show that suppression of TE for PEGylated NPs is partially overcome with RGD-tagged PEGylated NPs [61] .
A recent study has shown that a PEG-lipid (termed HPEG-lipid) bearing an acid-labile acylhydrazone bond between the lipid headgroup and the PEG chain enhances endosomal escape of PEGylated NPs [62] . HPEG2K-lipid is stable at pH = 7 and the PEG2K chains are cleaved from the lipid tail at pH = 5. Indeed, NPs containing 10 mol% HPEG2K-lipid show partial recovery of TE compared with NPs containing 10 mol% PEG2K-lipid. This is consistent with the hypothesis that the low pH (≈ 4) of late endosomes induces dePEGylation, which in turn leads to membrane charge density-promoted endosomal escape by activated fusion [33, 34, 62] . Future studies with NPs which combine RGD-PEG2K-lipid and HPEG2K-lipid in an optimized molar ratio should lead to even higher TE resulting from both optimized targeting and uptake, and endosomal escape.
Fluorescence microscopy of lipid-nucleic acid nanoparticles with mutant Rab5-GFP: visualization of single nanoparticle behaviour inside giant endosomes
A previous study reported on three-dimensional images of CL-DNA complexes interacting with cells obtained via confocal microscopy [34] . In particular, those earlier studies showed that the interaction of complexes and cells was dependent on the CL-DNA complex self-assembly structure (i.e. lamellar versus inverse hexagonal). However, while highly informative, those earlier studies were not able to provide information, in a direct manner, on the mechanism of cell entry, which was hypothesized to be through endocytosis, and on intracellular pathways. Fluorescence microscopy and automated particle colocalization with wild-type Rab5-GFP and Rab5-Q79L-GFP (a slowly hydrolysing mutant, figure 5 ) has been recently employed to measure, upon binding and cell uptake, colocalization of RGD-tagged CL-DNA NPs and early endosomes (EEs) in mammalian cells [63] . Rab5 is a member of a large family of GTPases that coordinate intracellular vesicle budding, trafficking and fusion between membrane organelles and between the plasma and organelle membranes [71] . Rab5 is localized to the plasma membrane, EEs and phagosomes. It plays a critical role in the formation of EEs [71] [72] [73] . Figure 5a shows a Rab5 cycle during endocytosis. Rab5-GTP is known to accumulate at the sites of clathrin-coated pits and macropinocytic ruffles where it is involved in the recruitment of proteins for endosomal budding from the plasma membrane [74] [75] [76] . Rab5-GTP interacts with effector macromolecules, which mediate homotypic fusion between GTP-Rab5 containing endocytic vesicles [77, 78] . After GTP hydrolysis, Rab5-GDP complexes with guanosine nucleotide disassociation inhibitor, which facilitates cytoplasmic transport back to the plasma membrane. Guanine nucleotide exchange factor then converts Rab5-GDP to Rab5 GTP, completing the cycle [79] . Rab5-GDP cannot mediate endosome fusion and is inactive [77] . During the process where EEs gradually lose Rab5 after GTP hydrolysis, they simultaneously accumulate Rab7, marking the maturation process of EEs into late endosomes [80] .
A different set of events occur when cells express a mutant form of Rab5-GTP with a point mutation, labelled Rab5-Q79L, which significantly slows down GTP hydrolysis [77] (figure 5b). EEs containing mutant Rab5-Q79L continuously fuse, leading to the formation of giant early endosomes (GEEs) [81] . In contrast with EEs, GEEs are longer lived and have a size of the order of several micrometres. This means that not only is the endosomal lumen clearly visible but, most remarkably, individual NPs are also resolvable within it.
One can see a significant number of GEEs inside the cells resulting from the expression of mutant Rab5-Q79L-GFP ( figure 6 ). In addition, a few much smaller EEs, which have not yet fused with other EEs, are also observed (dashed arrow in figure 6d ). It is noteworthy to point out that GEEs tend to show non-uniform GFP fluorescence in their perimeter indicative of membrane sections rich in Rab5-Q79L-GFP (red arrows in figure 6b,d ). This is most likely due to recent In the case of mutant Rab5-Q79L, GTP hydrolysis through GAP is strongly suppressed resulting in two phenotypic changes. First, because fusion of MPs and CCVs is mediated by Rab5-GTP, reduced GTP hydrolysis increases the total number of fusion events experienced by EEs, leading to the formation of giant early endosomes (GEEs) that contain weakly hydrolysable Rab5-Q79L on the membrane. Second, loss of Rab5 from the EE through GTP hydrolysis (followed by accumulation of Rab7) is necessary for maturation of EEs into late endosomes, thus the reduced GTP hydrolysis of Rab5-Q79L delays maturation and extends the lifetime of EEs. Adapted from [63] with permission from Elsevier.
events where EEs have fused with GEEs. Additionally, the micrographs offer direct evidence of medium-sized, NP-containing EEs undergoing fusion with a GEE (figure 6b, yellow arrow and (ii)). Comparison between the two types of NPs shows that in the case of NPs without the RGD motif, fewer NPs colocalize with GEEs (figure 6b(i-iii)) relative to those where RGD is attached to the distal end of PEG (see NPs in magnified images figure 6d including (v-viii). The CL uptake observed in the large GEE in figure 6b(iv) is expected because CLs coexist with NPs for ρ > 1 [28, 29] . Significantly, the existence of GEEs in cells expressing Rab5-Q79L allows one to spatially resolve individual RGD-tagged NPs within GEEs (figure 6d(v-viii) and corresponding intensity profile 3). This ability to resolve individual NPs has led to images which strongly hint at RGD-tagged NPs adhering to GEE membranes in the case of high σ M (figure 6d(v) and white arrows). This study has led to the development of a robust imaging assay which allows one to directly visualize trapped NPs and their interactions with the luminal membrane of giant endosomes. Significantly, it suggests that colocalization studies of NPs in cells expressing mutant Rab5-Q79L is an effective imaging technique for designing new NPs and, through visualization, assessing whether they are efficient at endosomal escape. on NP intracellular spatial and temporal distribution, leading to important insights into the interactions of NPs with cell components and organelles. In this review, we described a recently developed technique [63] , which combines fluorescence imaging and automated particle colocalization with the use of a novel mutated Rab-GTP enzyme in order to access direct information on the behaviour of individual NPs trapped inside GEEs. In the example shown in this review, NPs are seen inside giant endosomes and also interacting with the inner membrane wall of the organelles. The lipid composition of GEEs is closely related to those of EEs. Thus, the work has the potential of leading to unprecedented insight into the nature of interactions between NPs and encapsulating endosomes. These types of studies are destined to unravel the mechanisms by which NPs escape endosomes and navigate intracellular pathways, which is a crucial property of NPs designed for delivery of therapeutic molecules. In order to fully understand and interpret the live-cell imaging data one needs to simultaneously characterize the structure and physico-chemical properties of the NPs (e.g. membrane charge density, lipid shape and charge). This is because the nature of NP interactions with cell components (organelle membranes and cytoskeletal filaments) is dependent not only on the charge of the NP but also on its size (i.e. the NP has to navigate the mammalian cytoskeleton with mesh size ≈200 nm) and its internal nanostructure (which may be obtained by X-ray scattering and cryo-TEM).
Concluding remarks and future directions
Data from direct optical imaging techniques in conjunction with those obtained from NP characterization by cryo-TEM, X-ray diffraction and DLS will allow one to correlate NP selfassembled structure and physico-chemical properties to biological activity measured in TE studies. Optimization of CL-DNA and CL-siRNA NPs in vitro with primary cancer cells is expected to have important implications for both the clinical study of gene therapy in vivo as well as the use of silencing and transfection in vitro as applied to functional genomics.
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